Abstract This paper investigates the interaction between large waves and floating offshore structures. Here, the fluid-structure interaction is considered using the weakly compressible smoothed particle hydrodynamics (SPH) method. To ensure the applicability of this method, we validate its prediction for fluid forces and rigidbody motion against two sets of experimental data. These are impact due to dambreak, and wave induced motion of a floating cube. For the dam break problem, the SPH method is used to predict impact forces on a rectangular column located downstream. In the second case of a floating cube, the SPH method simulates the motion of a buoyant cube under the action of induced waves, where a wall placed upstream of the cube is displaced sinusoidally to induce waves. In both cases, the SPH framework implemented is able to accurately reproduce the experimental results. Following validation, we apply this framework to simulation of a toy model of a tension leg platform upon impact of a large solitary wave. This analysis shows that the platform may be pulled into the water by stretched tension legs, where the extension of the tension legs also governs the rotational behavior of the platform. The result also indicates that a tension-leg platform is very unlikely to topple over during the arrival of an extreme wave.
Introduction
In offshore hydrocarbon production, a platform from which drilling and production activities occur will be placed in one location for many years, typically decades. These structures must survive all weather types, including rogue waves, large swells, and heavy storms. In recent work, the European space agency identified more than 10 rogue waves, over 25 m high, in a period of just three weeks [1] . This demonstrates that such waves are a real danger to shipping and other offshore industries. The highly non-linear impact of a rogue wave on a floating, moored offshore structure is a problem that has significant practical application in the safety of offshore oil and gas production.
Accurate knowledge of response to rogue waves is therefore a fundamental component of offshore structure design. Lab tests with scale models are frequently used to determine hydrodynamic forces, but they are both expensive and time consuming. As such, the behavior of offshore structures subject to extreme waves cannot be studied by small-scale model experiments easily. So computational tools for the prediction of local wave impact loads and overall motion of the structure are desirable.
Smoothed Particle Hydrodynamics (SPH) is a mesh-free, fully Lagrangian method for numerical simulation of fluid flow [2] [3] [4] [5] . In the SPH method, a computational domain is discretized by a set of points, or particles, and a meshless discretization scheme is used to represent a scalar or vector field in terms of its values at these points. Since the particles are advected with the flow field, the SPH is ideally suited to problems of free surface flow, where computationally expensive surface tracking, typically required by continuum approaches, is not necessary [2] .
Before applying the SPH method to real world problems, we first demonstrate that the SPH simulation can accurately predict the impact force on fixed structures and rigid-body motion. A three-dimensional dam break case has been simulated and we compare the calculated load on a tall column to those measured during an experiment by Yeh and Petroff [6] . This configuration has proven to be a popular test case for benchmarking free surface flow algorithms, and appears as a validation case to indicate the ability of the SPH method to capture loading characteristics in violent gravity-driven fluid-structure interactions [7, 8] . Following analysis of fixed structure impacts, we consider the motion of a floating body, under the action of induced waves [9, 10] . The SPH method accurately reproduces the experimental data, demonstrating the advantages of the SPH in simulating free-surface-flow and floating structure interaction. Finally, as a proof of concept, we apply our SPH framework to simulate the effect of a solitary wave on a tension-leg platform. We simulate the force acting on the platform under the effect of a sea wave and stretched tension legs. This simulation can serve as a blueprint for more advanced simulations in the future.
Methodology
In the SPH technique, the continuum is represented by a set of discrete particles, characterized by their own physical properties such as mass, density, and pressure [2] [3] [4] [5] . In SPH, the fundamental principle is to approximate any function A(r) by an integral interpolant
where W (r − r', h) is the weighting function or kernel and h is the so-called smoothing length. In discrete notation, this becomes
where the summation is over all particles b within the compact support domain of the kernel function W at particle a. m b and ρ b , respectively, are the mass and the density of particle b.
A quintic spline kernel function has been used following Morris [11] such that, with R = |r i − r j |/h
where
3 ) in 1,2 and 3 dimensions, respectively.
The particle velocities are determined from the discretization of the NavierStokes momentum equation
where p is the pressure, g is the gravity acceleration and Θ is the dissipative term. In SPH notation, Eq. (4) can be written as
in which p a and ρ a denote the pressure and density of particle a. Π ab represents an artificial viscosity model, where we use the model proposed by Monaghan [2] which is defined as
where r r r ab = r r r a −r r r b , v v v ab = v v v a −v v v b , with the position r r r k and velocity v v v k of particle k,c ab = (c a + c b )/2, = 0.01. The artificial viscosity coefficient, α, has the main purpose of preventing instability and spurious oscillations in the numerical scheme. For phenomena such as wave impact on offshore structures, α has little influence on the main characteristics of the flow [8, [12] [13] [14] . The value of α = 0.1 was adopted in this work unless stated otherwise. This choice of α gives stable numerical results for all test cases and the result agrees with experimental measurement well. Eq. (5) was used to update the accelerations of fluid particles. Changes in the fluid density were calculated by means of discretizing the mass continuity equation,
which, in SPH formulation, reads
where ∇ a W ab is the gradient of the kernel function. Compared to an alternative way to compute the density field based on weighted summation of mass terms [15] , the method described in Eq. (8) is more suitable for free surface flow simulation as it prevents artificial density decrease near boundaries and near free surfaces [2, 13] . The acceleration depends on the pressure, which, for a weakly compressible fluid, is usually specified by an equation of state [16] of the form
where ρ 0 is the reference density of the fluid and c 0 is the speed of sound at the reference density, p is the pressure. In the calculations to be described here, γ = 7 [2] . In the numerical scheme the speed of sound c 0 is is set equal to at least 10 times the maximum velocity expected in order to obtain reasonable time steps and also keep the density variation within 1% compared to the reference density [3] . Dicretisation in time is carried out with the Verlet time integration scheme [13] . The time-step ∆t is calculated according to the Courant-Friedrichs-Lewy (CFL) condition, the force term and the viscous diffusion term. A variable time step ∆t was calculated according to [13] 
with
where |f a | is the force magnitude per unit mass of particle a. ∆t cv combines the CFL condition and the viscous time-step controls. In this work CF L = 0.3 is used.
In the SPH literature, various methods exist for the discretization of solid boundary conditions [17] . The dynamic boundary particles method is adopted in this work, where boundary particles (BPs) satisfy the same equations of continuity and state as the fluid particles (FPs), but their position remains unchanged (fixed boundaries) or is externally imposed (moving objects like wavemakers). When a FP approaches a boundary and the distance between the BP and the FP becomes smaller than the kernel function range, the density of the BP increases resulting in pressure increase. Thus, the force exerted on the FP increases due to the pressure term in the momentum equation. This method allows to easily discretize complex domains and leads to an acceptable compromise between accuracy and computational costs. For a complete description of the mechanism the reader is referred to [18] .
In this paper we use equations describing rigid body dynamics in general 3D case by adopting the rotation matrix approach. Since this theory is explained in many textbooks on Newtonian dynamics [19] , we just directly present the major equations here. In the mathematical description of rigid body motion, it is convenient to work with two different reference frames: a world frame, which remains fixed in time and an object frame, which moves and rotates with the rigid body. We denote coordinates in the world frame by x = (x, y, z), whereas the coordinates in the object frame are denoted by ξ ξ ξ = (ξ, η, ζ). The origin of the object frame is kept equal to the centre-of-mass (COM) of the floating object. Any coordinate in the object frame, ξ ξ ξ, can be translated into world frame coordinates x as follows
where x com is the displacement of COM of a rigid body and R is the so-called rotation matrix. The rotation matrix is composed of the projections of the unit vectors e ξ , e η , e ζ onto the world coordinate axes e x , e y , and e z . The motion of x com is given by
where v com is the velocity of COM, F is the total force acting on the floating object and m is the mass of the floating object. The total force F on a floating object can be computed by summing the contributions exerted on the boundary particles for an entire body. Assuming that the objects are treated as rigid bodies, the force on each BP is computed by summing up the contribution from all the surrounding FPs within the surrounding kernel. Hence, BP k experiences a force per unit mass given by
where f ka is the force per unit mass exerted by FP a on BP k. By the principle of equal and opposite action and reaction, the force exerted by a FP on each BP is given by
where f ak is just the contribution component of BP k to the term
Dt in Eq. (5). The total force F on a floating object is then computed as
The rotation matrix R evolves according to
where Ω is a matrix filled with components of the angular velocity ω ω ω which is defined in the object frame [19] . The change of angular velocity ω ω ω in time is given by
where I is the moments-of-inertia tensor in the object frame whose entries can be calculated from the geometry in the object frame, T is the total external torque calculated in the world frame. In the simulation, we first compute the total force and torque on the floating object, F and T, and then update the floating object position according to Eq. (13) − Eq. (18) . The position of any rigid body particle is then computed from Eq. (12) . The standard weakly compressible SPH method is known to loose accuracy in the vicinity of the boundaries and close to free-surfaces, where the normalization condition is not fulfilled. More advanced SPH schemes have been developed in order to overcome this problem, where these efforts are primarily concentrated on approaches which either correct the kernel and/or its first derivative [20, 21] , or by performing density filters, which can help to stabilize the pressure field [20, [22] [23] [24] . Antuono et. al show that by adding a diffusive term in the continuity equation approximation, which is referred as δ-SPH method, the smoothness of the pressure field can also be improved [25] . However, although these enhanced SPH techniques demonstrate improved results, they are more computational intensive and hence considerably slower than the standard SPH [12] . In addition, there is a penalty in conservation when such techniques are used [12, 26] . The purpose of this paper is not to investigate these improved methods, but to provide a simple but sufficiently accurate SPH framework for the study of wave impact on off-shore structures. From the results presented in next section, we show that the standard SPH is sufficient to fulfill this purpose, giving reasonably good result compared to the experimental data. Therefore, in this paper we adopt the standard weakly compressible SPH method [3, 17, 12] .
Test cases
In this section we show two test cases. The first one is devoted to SPH simulation of wave impact force on a fixed structure [6] , while the second one to floating body dynamics under the action of induced waves [9] . The accurate prediction of both cases is critical for the more complex simulation of an off-shore platform later.
Three dimensional dam break flow against a tall structure
In this section we present the validation of the SPH method for a typical threedimensional dam break problem. Our purpose is to simulate a dam break experiment which was carried out by Yeh & Petroff [6] . The experiment provides data for the force of an impacting fluid surge, which can be compared with the force predicted by the SPH simulation. The experiments utilized a rectangular tank, 0.61 m wide, 1.6 m long, and 0.75 m high. A centrally located vertical column with a square 0.12 m profile is located 0.9 m from one end of the tank. A sketch of the experimental geometry is depicted in Fig. 1 , the fluid used in experiment is water at ambient conditions. Water is held at a height of 0.3 m behind a gate which is raised to begin the experiment. Since it was not possible to completely evacuate the water from the tank, a 1 cm layer of water was present on the tank floor prior to the experiment.
As the fluid surge impacts upon the vertical column, attached load gauges report the impact force experienced by the column. Using an SPH model of this experiment, we compare the horizontal component of impact force predicted by the SPH method to that measured in the experiment. [6] .
A sequence of snapshots of the particle positions is shown in Fig. 2 , where particles are colored by velocity magnitude. The simulation shown was carried out with an initial particle spacing of 0.5 mm, which corresponds to a total number of approximately 800,000 fluid particles and 1,000,000 boundary particles. The sequence is as follows: First the fluid particles fall under the effect of gravity and flow with relatively high velocity towards the vertical column. Then, at approximately 0.3 seconds, they reach the vertical column. Some fluid particles impact upon the column before falling back, whereas the particles to the side of the tank will move past the column. After 1 second of simulation, a secondary impact upon the column occurs as the initial wave is reflected by the tank wall to the rear of the column.
The experimentally reported force data, which is shown in Fig. 3 , reflect what can be observed visually in Fig. 2 . In the first 0.3 seconds, the force is negligible because there is hardly any fluid touching the column. Then the first water surge arrives at the column, at 0.3 s, part of the fluid is decelerated and transfers its force onto the column. When the reflected wave passes the column, at approximately 1.3 seconds, a negative horizontal force is measured on the column. Finally the net horizontal force on the column settles around 0 N when the fluid is slowly coming to a standstill. The horizontal force on the vertical column is plotted in Fig. 3 where a good agreement is obtained. Until 0.3 seconds, the force is practically 0 N, as expected. The height of the first peak is predicted rather well by the SPH simulation. This is in contrast with some other SPH simulation results reported in the literature [7] , for example, had to use different filtering techniques to show agreement between their SPH results and the experimental data. Our SPH results, on the other hand, are generally quite close to the experimental data without any post-processing. At 1.5 seconds, the secondary impact occurs roughly 0.25 seconds early in the SPH simulation. This was observed in other literature as well [6] [7] [8] . Authors in [6] , who compared the experimental data with their own finite-volume simulation technique, point out that small bubbles are created in the experiment (presumably in regions of low pressure in the fluid), which in turn may slow down the speed of the reflected wave. Since these bubbles are not modeled in their numerical simulation method, the deceleration of the reflecting wave was not observed. Since our SPH simulation technique does not incorporate a model for bubble creation at low pressures, it does not pick up the same phenomenon, and the explanation in [6] is expected to be relevant for our simulation technique as well. In spite of this, our SPH result still shows better agreement with experimental data than some other results in the literature [8] , for example, over-predicted the force on the obstacle after the initial wave impact.
Accurate prediction of the pressure field is important in impact force computation. A potential disadvantage of the WCSPH scheme is that it produces a noisy pressure field. This may be overcome by using the more advanced schemes mentioned previously however, due to the nature of the problem investigated herein, such techniques are not necessary. The reason for this is that we are primarily interested in the total force on a structure, and not the force at a particular point. In computing the total force on the structure a summation is carried out across all particles which make up the structure, smoothing the spatially varying noise observed when inspecting an individual particle or point. To smooth the high frequency time-variant noise, the average impact force over approximately 0.01 s of simulation time is taken. This approach maintains the computational efficiency of the WCSPH scheme, whilst comparing favorably with the experimental data as seen in Fig. 3 . 
Floating body dynamics under the action of induced wave
To fully capture the motion of offshore platforms we must ensure that we not only correctly capture the hydrodynamic loads on the structure, but that the motion of this structure is also correctly resolved and accounted for in the flow solution. As a validation case, we consider the experimental setup reported by Ruol et. al [9] and Manenti et. al [10] . In the work of Ruol et. al they carried out an experiment of a buoyant cube (representative of a waterbreak) secured by pile-mooring. Under the action of a periodic wave motion, both the vertical position of the cube, and upstream fluid surface height were recorded.
This experiment was designed to be Quasi-2D because the width of the waterbreak is approximately equivalent to the width of the tank. Manenti et. al also simulated this experiment in a 2D SPH model showing reasonable agreement. However, we note that in the experiment the waterbreak is allowed to roll to some extent, where this degree of freedom was not considered by Manenti et. al. We choose to include this extra degree of freedom in this work by applying the rigidbody-motion equations with the rotation matrix approach described in Eq. (12 To illustrate the situation, the experimental configuration is shown in Fig. 4 and Fig. 5 . The piston wave maker is located to the left of the domain, where it generates regular surface waves. The floating object is initially located 2 m downstream of the wave maker. The fluid used in the experiment is water with a density of 1000 kg/m 3 . The material and internal geometry of the floating object were chosen such that the effective density was 500 kg/m 3 , so that it is only half submerged while the system is at rest. Be advised that in the experiment the floating object was moored with piles such that it could not move horizontally. This experimental condition was reproduced in the SPH simulation by fixing the horizontal position of the center of mass of the floating object while keeping all other degrees of freedom (DOF) unrestricted, such as vertical displacement and rotation. The flat piston wave maker describes a sinusoidal motion in the horizontal direction with a frequency of 1.14 Hz and stroke of 0.05 m. Fig. 6 shows a side-view frame of the simulation at t = 5 s. For quantitative comparison between the SPH model and laboratory results, the water surface elevation at gauge number 3 (Fig. 4) and heave displacements of the floating object have been considered at this stage of the analysis. Fig. 7a shows SPH calculated oscillations of the free surface at wave gauge number 3. The comparison with the experimental measures at steady condition shows good agreement of the signals frequency once the model achieves a steady state of periodic oscillation. Fig. 7b compares numerically calculated and measured heave oscillations of the floating breakwater. Phase angle and frequency are predicted with good accuracy as the model approaches a steady oscillation.
We believe the better agreement observed in our work compared to Manenti's result [10] is due to that, firstly, we included the modeling of the pile-mooring which prevents the floating from moving horizontally, and secondly, the buoyant cube was allowed to roll slightly about the horizontal axis as in the original experiment. If the rotational degree of freedom is neglected it is not possible to fully capture the behavior of the waterbreak driven by the induced wave, resulting in a discrepancy between the model and experimental results.
4 Application: Wave impact on a off-shore oil platform
As a proof-of-concept, we present a realistic application of the floating object model in this section. The objective is to study the effect of a solitary extreme wave impacting upon a tension-leg platform (TLP). The geometrical configuration of the present simulation is shown in Fig. 8 . The fluid basin is 50 m deep and stretches over a longitudinal distance of 800 m, and a transverse width of 150 m. The platform's center-of-mass is situated at a distance of 426 m from the initial position of the moving boundary particles used to generate the solitary wave, i.e. practically in the middle of the domain. The beach downstream of the platform, which is intended to prevent reflection of waves, starts at 600 m from the initial position of the moving boundary particles and has an angle of 14
• with the horizontal. In the transverse direction, the fluid is contained by rigid side walls. A close-up of the SPH model of a floating platform is shown in Fig. 9 . It consists of four vertical cylinders that, in reality, are mostly filled with air and keep the platform afloat. The cylinders are connected by pontoons. The top deck is modeled by a thin layer of particles. In principle one could add equipment at the top of the platform, but it has been left out here for the sake of simplicity. Nevertheless, all the critical parameters for the motion of the floating platform, namely the center-of-mass, the mass and the moments-of-inertia, are taken from a real platform. Therefore, the actual motion of the platform is still expected to be predicted fairly accurately, despite the lack of geometrical detail. The platform is connected to the seabed by eight tension legs with two on each vertical cylinder of the platform. In the SPH simulation, tension legs are modeled as springs. Each of the springs is connected to an anchor point at the seabed at 500 m depth; although the sea bed is well outside the flow domain, this does not affect the validity of the spring equations. The points where the tension legs are attached to the platform are allowed to move in all three directions.
Each tension leg acts like a spring, with a spring constant, k 0 , and a nominal length of zero tension, L 0 . Each tension leg i provides the following force
where x attach,i denotes the position of the attachment point of the tension leg at the platform and x anchor,i denotes the location of the anchor at the sea bed. The force is precisely directed along the vector separating the attachment point and the anchor point with
The anchor points at the sea bed are aligned with the attachment points at the platform, so that the tension legs are perfectly vertical in the equilibrium situation. With the geometry chosen for the platform, the tension legs are slightly stretched in the equilibrium situation.
Because of the large spring constant, k 0 , a TLP is designed to have small vertical displacement under the wave impact as vertical displacement can be hazardous. Given this, it is expected that the horizontal displacement is larger than its vertical displacement. Therefore, it's useful to investigate the effect of tension legs when the platform is displaced horizontally. We first analyzed this problem by assuming that the platform has moved by a distance ∆x, so that r i is equal to
Inserting Eq. (21) into Eq. (19) gives Fig. 10 shows the force components due to the eight tension legs in the platform geometry used in the SPH simulation.
To highlight this effect in some more detail, we expand Eq. (22) into a Taylor series up to third order. We investigate what happens if there is a horizontal displacement ∆x. We can calculate the length of r i as
where is introduced as: = ∆x/z 0 . With this, the horizontal forces become
and the vertical force is:
The estimates above are plotted in Fig. 10 which shows good agreement with the exact solution obtained from Eq. (22) given small horizontal displacement. Thus, in our simulation, the horizontal force is approximately linear in , with an important third-order term, whereas the magnitude of the vertical force is nonzero even if = 0, and increases with a quadratic term in . Hence, any horizontal displacement is expected to cause a higher resulting force from the tension legs in the vertical direction than in the horizontal direction.
In summary, if the platform moves in the horizontal direction, the tension legs are stretched. In the horizontal direction, they tend to pull the platform back into position, but they also pull the platform down with even larger vertical force downward than its horizontal force component. This is a potential risk to a tension leg platform as it may end up being submerged by a forceful high sea wave. In our SPH simulations, we will investigate whether this effect is compensated by the buoyant force exerted by the fluid. Force (N ) We prescribe the displacement of the wave maker as a piston-like motion which follows a hyperbolic tangent function as:
where S = 80 m is piston stroke. Goring [27] derives that, for a perfect solitary wave, the time scale τ (S) should be:
where d = 50 m is the water depth and g is gravitational acceleration. The resulting free-surface wave in the fluid is then a solitary wave of elevation according to reference [27] [28] [29] . Snapshots of the particle positions during the SPH simulation are shown in Fig. 11 , at six instants of time. To better illustrate the flow about the platform, these results are presented in a zoomed view in Fig. 12 . The fluid is colored by the local velocity magnitude. At the start of the simulation, t = 0 s, the fluid is at rest, but a solitary wave is formed within the first 20 seconds by moving the left boundary. The solitary wave travels with a velocity of approximately 25 m/s and reaches the platform around t = 30 s. Between 30 s< t <40 s, some water is flowing on the platform deck, while the platform is displaced towards the right. At t = 40 s, the solitary wave reaches the beach and dissipates, the fluid eventually comes to rest again, with the platform slowly moving back to its equilibrium position.
The displacement of the platform in the course of time is captured in Fig. 13 . On the left-hand-side, we plot the three-dimensional motion as a function of time. It is clear that the highest displacement takes place in the x-direction (Surge) between 30 and 40 seconds of simulation time. This coincides with the moment the platform is hit by the solitary wave. After the wave has passed, the platform moves back towards its initial position but it overshoots a bit, so that it is located some 50 m left of its original position after 75 s. The overshooting is a characteristic of an under-damped mass-spring-damper system: the platform represents the mass here, the tension legs the springs and the fluid the damping mechanism of the motion.
The vertical displacement (Heave) increases between 20 and 25 seconds, as the platform is lifted up by the arriving wave. Quickly afterwards, however, the vertical displacement becomes negative, indicating that the platform is pulled into the water. This correlates with the horizontal displacement which causes the tension legs to pull the platform into the water, as explained in Eq. (25) .
The trajectory of the platform, plotted in the right graph of Fig. 13 , confirms the relation between horizontal and vertical displacement. The trajectory is similar to a parabola, with the vertical displacement approximately proportional to the horizontal displacement squared. This is in agreement with the analysis described above which is indicated by Fig. 10 .
Since the total force on the platform is equal to the sum of the force by the tension legs plus the force by the fluid plus gravity, it is now also possible to extract information on the force exerted by the fluid on the platform; it is shown in the left graph of Fig. 14 Finally, the rotation of the platform during the simulation is shown in Fig. 15 . The pitch (rotation around the y-axis) is highest precisely when the wave arrives around t = 25 s, as could be expected. The actual pitch rotation, however, is extremely small, it has a maximum of 0.6
• . The reason for this extremely low value is because a stretched tension leg exerts a larger force than a tension leg in its equilibrium position, any rotation in the x-direction (roll) or y-direction (pitch) is directly counteracted. Therefore, it is no coincidence that the largest rotation angles are observed in the z-direction (yaw), it is the only direction where the rotation is not efficiently counteracted by the spring-like tension legs.
This model shows that the result of rogue wave impact may be counterintuitive. Though the platform rose upon initial impact, it quickly became submerged. It also shows that a tension-leg platform is very unlikely to topple over during the arrival of an extreme wave, at least for the design parameters used during the present simulation. A model like this can serve as a stepping stone for more advanced simulations in the future, where the platform can be modeled in more detail and the sea can be modeled in better agreement with real oceanographic data. 
Conclusion
Two validation cases and a realistic design experiment have been performed using the SPH method. Validation of dam-break flow with a rectangular column located downstream shows that results were in good agreement with the experimental data. Oscillations in the column forces after both the first and the secondary impact were well captured. The simulations demonstrate the ability of SPH to reproduce the complex transient loading characteristic of inertial and gravity driven flow on fixed structures. We have also validated the SPH simulation against an experiment which measures the vertical displacement of a rectangular object forced by regular waves. We show that the heave of the floating object and the wave elevation was in excellent agreement with experimental data.
Finally, we applied the SPH simulation to a real-world application to study the effect of a single solitary wave hitting a tension-leg platform. The impact force due to the wave and the reaction force exerted by the tension legs were analyzed separately in detail. Also studied was the horizontal and vertical displacement of the platform under the effect of a sea wave and tension legs. This analysis shows that the platform may be pulled into the water by stretched tension legs, where the extension of the tension legs also governs the rotational behavior of the platform. This simulation can serve as a blueprint for more advanced simulations in the future where the platform model may include more detail, and the initial state of the fluid phase may be more representative of conditions observed in oceans.
